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Direct detection of Higgs— portal dark matter at the LHC 
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We consider the process in which a Higgs particle is produced in association with jets and show 
that monojet searches at the LHC already provide interesting constraints on the invisible decays 
of a 125 GeV Higgs boson. Using the latest monojet search performed by the CMS collaboration 
with 4.7 fb _1 of data, we set the 90% confidence level limit on the invisible Higgs decay rate to be 
less than the total Higgs rate in the Standard Model. This limit could be significantly improved 
when more data at higher center of mass energies are collected, provided systematic errors on the 
Standard Model contribution to the monojet background can be reduced. In the context of Higgs 
portal models of dark matter, we then discuss how the LHC limits on the invisible Higgs branching 
fraction impose strong constraints on the dark matter scattering cross section on nucleons probed 
in direct detection experiments. 



Introduction 

The latest results on Higgs particle searches at the 
LHC and the Tevatron show tantalizing hints of a sig- 
nal of a particle with a mass around Mjj = 125 GeV pQ. 
The most pronounced signal is observed in the 77 final 
state, while the results from other available search chan- 
nels are in a reasonable agreement with the Higgs boson 
interpretation within the Standard Model (SM) [21 [3]. It 
is plausible that data from the ongoing 8 TeV run of the 
LHC will firmly establish the existence of a Higgs bo- 
son. Even if that is the case, the Higgs particle may have 
other decay channels that are not predicted by the SM. 
Determining or constraining non-standard Higgs boson 
decays will provide a vital input to model building in the 
context of physics beyond the SM 

A very interesting possibility that is often discussed is 
a Higgs boson decaying into stable particles that do not 
interact with the detector, the so-called (fully or partly) 
invisible Higgs. Common examples where Higgs particles 
can have invisible decay modes include decays into the 
lightest supersymmetric particle [4] or decays into heavy 
neutrinos in the SM extended by a fourth generation of 
fermions [5]. In a wider context, the Higgs boson could 
be coupled to the particle that constitutes all or part of 
the dark matter in the universe. In these so-called Higgs 
portal models [5] the Higgs boson is the key mediator 
in the process of dark matter annihilation and scatter- 
ing, providing an intimate link between Higgs hunting 
in collider experiments and the direct search for dark 
matter particles in their elastic scattering on nucleons. 
In fact, the present LHC Higgs search results, combined 
with the constraints on the direct detection cross section 
from the XENON experiment [7], severely constrain the 
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Higgs couplings to dark matter particles and have strong 
consequences on invisible Higgs decay modes for scalar, 
fermionic or vectorial dark matter candidates [5]. 

At the LHC, the main channel for producing a rela- 
tively light SM-like Higgs boson is the gluon-gluon fu- 
sion (ggF) mechanism. At leading order (LO), the pro- 
cess proceeds through a heavy top quark loop, leading 
to a single Higgs boson in the final state, gg — » H [9]. 
A next-to-leading order (NLO) in perturbative QCD, an 
additional jet can be emitted by the initial gluons or the 
internal heavy quarks, leading to gg -+ Hg final states 
[TU] (additional contributions are also provided by the 
gq — > Hq process). As the QCD corrections turn out to 
be quite large, the rate for H + l jet is not much smaller 
than the rate for H + jet. The next-to-next-to-leading 
order (NNLO) QCD corrections [TT1 112) . besides signifi- 
cantly increasing the H + and H+l jet rates, lead to 
H + 2 jet events. The latter event topology also occurs 
at LO in two other Higgs production mechanisms: vec- 
tor boson fusion (VBF) qq — > Hqq and Higgs-strahlung 
(VH) qq -» HW/HZ — > Hqq which have rather distinct 
kinematical features compared to the gluon fusion pro- 
cess; for a review, see Ref. [4] 

Hence, if the Higgs boson is coupled to invisible par- 
ticles, it may recoil against hard QCD radiation, leading 
to monojet events at the LHC. In this note, we show 
that the monojet signature carries a good potential to 
constrain the invisible decay width of a 125 GeV Higgs 
boson. In a model independent fashion, constraints can 
be placed on the Higgs invisible rates Rf^ v and i?^ F 
defined as 
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ggF _ a(gg ->■ H) x BR(H -» inv.) 

<r(99 -> H) S M 
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We will argue the the recent monojet search performed 
by the CMS collaboration [13] is sensitive to i?i nv close to 
unity. It has been shown that if the total production rate 
of a 125 GeV Higgs boson is close to the SM one then, 
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based on the combined data from the visible Higgs de- 
cay channels, BR(iJ — > inv.) > 0.4 is already disfavored 
[3 [T3]. However, in models beyond the SM, the Higgs 
production rate may well be enhanced (for instance, in 
the presence of additional heavy quarks that couple to the 
Higgs boson), in which case the constraints from mono- 
jet searches discussed here become non-trivial. In this 
sense, our approach is complementary to that adopted 
in Refs. E] (see also Ref. [TS]) in which the invisi- 
ble branching fraction is indirectly constrained via visible 
Higgs decays. 

In the next step, we discuss the connection between 
the Higgs invisible branching fraction and the direct dark 
matter detection cross section. We work in the context 
of Higgs portal models and consider the cases of scalar, 
fermionic and vectorial dark matter particles (that we 
generically denote by x) coupled to the Higgs boson. To 
keep our discussion more general, the Higgs~xx couplings 
are not fixed by the requirement of obtaining the correct 
relic density from thermal history 1 . In each case, the 
LHC constraint BK(H — > inv.) can be translated into 
a constraint on the Higgs boson couplings to the dark 
matter particles. We will show that these constraints are 
competitive with those derived from the XENON bounds 
on the dark matter scattering cross section on nucle- 
ons 2 . We discuss how future results from invisible Higgs 
searches at the LHC and from direct detection experi- 
ments will be complementary in exploring the parameter 
space of Higgs portal models. 

The rest of this letter is organized as follows. In the 
next section, we summarize our analysis of invisible Higgs 
plus jet production at the LHC. We estimate the sensitiv- 
ity to the invisble Higgs rate of the recent CMS monojet 
search using 4.7 fb _1 of data at y/s — 7 TeV, extend- 
ing previous analyses [T7] based on the 1 fb^ 1 ATLAS 
monojet search 18J. In the following section, we discuss 
the implications for Higgs portal dark matter models and 
the complementarity between dark matter direct detec- 
tion at the LHC and in XENON. In the last section we 
present short conclusions. 



Monojet constraints on the invisible width 

In this section we estimate the sensitivity of current 
monojet searches at the LHC to a Higgs particles that 
decays invisibly. We rely on the search for monojets per- 
formed by the CMS collaboration which makes use of 4.7 
fb _1 of data at 7 TeV center of mass energy [13]. The ba- 



1 Instead, we assume that one of the multiple possible processes 
(e.g. co-annihilation, non-thermal production, s-channel poles of 
particles from another sector) could arrange that the dark matter 
relic abundance is consistent with cosmological observations. 

2 We note that the process gg — > H — > \X f° r dark matter \ pro- 
duction at the LHC is an important component of the (crossed) 
process for dark matter scattering on nucleons, gx~ >9X El- 



sie selection requirements used by the CMS experiment 
for such a topology are as follows: 

• at least 1 jet with p? T > 110 GeV and \rf\ < 2.4; 

• at most 2 jets with p 3 T > 30 GeV; 

• no isolated leptons; 

• missing transverse momentum p™ ss > 200 GeV. 

A second jet with p J T above 30 GeV is allowed provided 
it is not back-to-back with the leading one, A<p(jx, j'2) < 
2.5. Incidentally, this is advantageous from the point of 
view of invisible Higgs searches, as Higgs production at 
the LHC is often accompanied by more than one jet; ve- 
toing the second jet would reduce the signal acceptance 
by a factor of ~ 2. The CMS collaboration quotes the 
event yields for 5 different cuts on the missing trans- 
verse momentum p™ lss between 200 and 400 GeV. These 
are largely dominated by the SM backgrounds, namely 
Z+jets, where the Z boson decays invisibly, and W+jets, 
where the W boson decays leptonically and the charged 
lepton is not reconstructed. In particular, with 4.7 fb _1 
data, the CMS collaboration estimates the background 
to be 24535 (1224) events for p^ iss > 200 (350) GeV, 
with an uncertainty that is below the 10% level. 

A Higgs boson produced with a significant transverse 
momentum and decaying to invisible particles can also 
lead to the topology that is targeted by monojet searches. 
In Fig[lj we show the fraction of Higgs events produced 
at the parton level in the ggF and VBF processes with 
pip above a given threshold, assuming Mji = 125 GeV. 
One observes that about 1% (0.1%) of ggF events are 
produced with p J T > 200 (350) GeV which, assuming the 
SM production cross section, corresponds to about 750 
(75) events in 5 ftr 1 data at the y/s = 7 TeV LHC. For 
the VBF and VH production processes, that fraction is 
larger by a factor of ~ 3. These numbers are compara- 
ble to the uncertainty on the SM monojet background 
quoted by the CMS collaboration. This suggests that if 
an invisible Higgs boson is produced with rates that are 
comparable or larger than the total rate of a SM-like 
Higgs boson, the monojet searches may already provide 
interesting constraints. 
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FIG. 1: The fraction of events with Higgs transverse momentum 
above a given threshold for the ggF (red circles) and VBF (blue 
squares) production modes. The distributions were obtained at 
NLO using the program P0WHEG 19| . In the case of ggF. the simu- 
lations included the finite quark mass effects 20 , and we find good 
agreement with the NNLO distribution obtained using the program 
HRes [12] (black line). 
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In order to estimate the sensitivity of the CMS mono- 
jet search to the invisible Higgs signal, we generated the 
pp— >i?+jcts — > invisible+jets process. We used the pro- 
gram POWHEG PH HO] for the ggF and VBF channels at 
the parton level, and Madgraph 5 [3T] for the VH chan- 
nels. Showering and hadronisation was performed using 
Pythia 6 22] and Delphes 1.9 [23] was employed to 
simulate the CMS detector response. We imposed the 
analysis cuts listed above on the simulated events so as 
to find the signal efficiency. As a cross-check, we passed 
(Z — > vv) + jets background events through the same 
simulation chain, obtaining efficiencies consistent within 
15% with the data-driven estimates of that background 
provided by CMS. 

The signal event yield depends on the cross section in 
each Higgs production channel and on the Higgs branch- 
ing fraction into invisible final states. Thus, strictly 
speaking, the quantities that are being constrained by 
the CMS search are 3 Rf^ and i?>^ F that are given 
in Eq. ([I]). Currently available data do not allow us 
to independently constrain Rf^ and R^ F ■ Thus, for 
the sake of setting limits, we assume that the propor- 
tions of ggF, VBF and VH rates are the same as in 
the SM, and we take the inclusive cross sections to be 
v{99 -> H) S m = 15.3 pb, cr(qq Hqq) SM = 1.2 pb and 
a (QQ —> HV)sm = 0.9 pb [23]. With this assumption, af- 
ter the analysis cuts, the signal receives about 30% con- 
tribution from the VBF and VH production modes, and 
the rest from ggF; thus one constrains the combination 

dPP ~ 2 nggF , 1 nVBF 
-""inv ~ 3 inv ' 3 Mnv • 

Our results are presented in Table [T] We display the 
predicted event yield AT inv in the ggF and VBF channels 
for each cut on p™ lss reported by the CMS collaboration. 
Comparing it to the ler background uncertainty 4 listed 
by CMS, we derive the expected 95% confidence level 
(CL) limit on i?i nv . We find the best expected limit is 
at the level of R lm < 2 for the p 3 T > 250 and 300 GeV 
cuts. The observed limit is better than the expected one 
in most cases, thanks to a ~ la downward fluctuation of 
the SM background. We find that the best limit corre- 
sponds to the pip > 250 GeV cut, which yields the con- 
straint R inv < 1.3 (1.0) at 95% (90%) CL. Finally, we can 



3 Assuming custodial symmetry, RYJ^ = fi™ F . 

4 The CMS collaboration quotes the estimate of each important 
background for every p™ las cut but the errors on those estimates 
are given only for the p 3 T > 350 GeV cut. In the remaining 
cases, we estimated the uncertainty assuming that the error on 
the Z — > uu+jets background is dominated by statistics of the 
Z — > ii+jets control sample, while the error on the W — » Zf+jets 
background is systematic and equals 11.3%. The remaining (sub- 
leading) backgrounds arc assigned 100% uncertainty. Note that 
we did not consider the theoretical uncertainties on the cross 
sections |24| and the efficiencies of the pt cuts which, although 
significant, are currently smaller than the experimental ones. 
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TABLE I: Predicted event yields N- lnv , the 1<t background uncer- 
tainty AiVekgi ar> d the expected and observed 95% CL limits on 
the invisible Higgs rate i?i nv for each reported missing energy cut 
of the CMS monojet search. The event yields are given separately 
for the ggF and VBF+VH production modes, assuming the SM 
Higgs production cross sections in these channels. 

separately constrain Rf^ and RYJ^ F assuming only one 
Higgs production mode is present. Again the best limit 
is found using the CMS results for p J T > 250 GeV, and 
we find i?f n g v F < 1.9 (when VBF is absent) or i^BF < 4 3 
(when ggF is absent) at 95% CL. 

Assuming Higgs produced with the SM cross section, 
the direct bounds from monojet searches do not yet con- 
strain the invisible branching fraction. However, as dis- 
cussed previously, in many models beyond the SM the 
Higgs production rate can be significantly enhanced, es- 
pecially in the gluon fusion channel, in which case the 
current monojets bounds become non-trivial. In any case 
we should note that the sensitivity of monojet searches 
to invisible Higgs turns out to be much better than ex- 
pected. Indeed, early studies [25], focusing mainly on 
the VBF production channel, concluded that observa- 
tion of invisible Higgs decays was only possible at the 
highest LHC energy, s/s = 14 TeV, and with more than 
10 fb _1 data. Bounds on invisible Higgs based on the 
1 fb _1 monojet search in ATLAS [IS] were studied in 
Ref. [T7] , where a weaker limit of Rf^ v < 4 was obtained 
for Mh ~ 125 GeV. In contrast, our analysis shows that 
with 5 fb _1 data at 7 TeV, the LHC is already sensitive to 
Ri nv of order 1. Note also that monojet searches are sen- 
sitive mostly to the ggF mode, thus they can also probe 
invisible Higgs in models where the Higgs couplings to 
the W, Z bosons are reduced, providing complementary 
information to invisible Higgs searches targeting the VBF 
mode. 

We expect the bounds on the invisible Higgs width to 
be improved in the ongoing 8 TeV run. To make an esti- 
mate of the future sensitivity, we assume the error on the 
Z — > w+jets background contribution will be dominated, 
as in the current run, by the statistics of the Z — > /i/i+jets 
control sample. We also (arbitrarily) assume the system- 
atic error on the W — > tv+jets background contribution 
will be brought down to 5%. Taking into account the 
increased cross section 5 and selection efficiency for the 



5 The inclusive cross sections at v / s = 8 TeV are found to be 20.1, 
1.6 and 1.1 pb for, respectively, ggF, VBF and VH. 
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signal and the V+jets backgrounds, we estimate the ex- 
pected bound to be i?^ v p < 0.9 at 95%CL with 15 fb" 1 BR} nv ~ v±u ~ P " J SI (4) 

at ^ = 8 TeV. Obviously, this is just a crude estimate, 3.47+ ( h j 

as it crucially depends on experiments' ability to control 
systematic errors on the V+jets backgrounds. 



Invisible branching fraction and direct detection 

If the invisible particle into which the Higgs boson 
decays is a constituent of dark matter in the universe, 
the Higgs coupling to dark matter can be probed not 
only at the LHC but also in direct detection experi- 
ments. In this section, we discuss the complementarity of 
these two direct detection methods. We consider generic 
Higgs-portal scenarios in which the dark matter particle 
is a real scalar, a real vector, or a Majorana fermion, 
X = S, V, f [SI H3] • The relevant terms in the effective 
Lagrangian in each of these cases are 



A£ s = -^™%S 2 - -XsS 4 - -\ hSS H^HS 2 , 



AC V = \m 2 v V^ + -^\v{V^V^) 2 + l -\ hV vH^HV^V^ 



AC, 
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i mfff 4 A 



' If II Jf 



(2) 



The partial Higgs decay width into dark matter T(H — > 
XX) and the spin-independent x _ proton elastic cross sec- 
tion a^ p can be easily calculated in terms of the param- 
eters of the Lagrangian, and we refer to Ref. [8] for com- 
plete expressions. For the present purpose, it is impor- 
tant that both T(H —> xx) and c^p are proportional to 
A|j xx ; therefore, the ratio r x = T(H — > xx)/ a xp depends 
only on the dark matter mass M x and known masses 
and couplings (throughout, we assume the Higgs mass 
be Mfj — 125 GeV). This allows us to relate the invisi- 
ble Higgs branching fraction to the direct detection cross 
section: 



Thus, for a given mass of dark matter, an upper bound 
on the Higgs invisible branching fraction implies an up- 
per bound on the dark matter scattering cross section 
on nucleons. In Fig. [2] we show the maximum allowed 
values of the scattering cross section, assuming the 40% 
bound on BR™ V advocated in Ref. [3]. Clearly, the re- 
lation between the invisible branching fraction and the 
direct detection cross section strongly depends on the 
spinorial nature of the dark matter particle, in particular, 
the strongest (weakest) bound is derived in the vectorial 
(scalar) case. 

In all cases, the derived bounds on a xp are stronger 
than the direct one from XENON100 in the entire range 
where M x -C \Mh- In other words, the LHC is currently 
the most sensitive dark matter detection apparatus, at 
least in the context of simple Higgs-portal models (even 
more so if x is a pseudoscalar, as in [29]). This conclusion 
does not rely on the assumption that the present abun- 
dance of x is a thermal relic fulfilling the WMAP con- 
straint of VI om — 0.226 281, and would only be stronger 
if x constitutes only a fraction of dark matter in the uni- 
verse. We also compared the bounds to the projected 
future sensitivity of the XENON100 experiment (corre- 
sponding to 60,000 kg-d, 5-30 keV and 45% efficiency). 



Of course, for M v > 



the Higgs boson cannot 
decay into dark matter 6 , in which case the LHC cannot 
compete with the XENON bounds. 
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with F^ 1 the total decay width into all particles in the 
SM. For a given M x , the above formula connects the 
invisible branching fraction probed at the LHC to the 
dark matter-nucleon scattering cross section probed by 
XENON100. For m p < M x < \M H , and assuming 
the visible decay width equals to the SM total width 
Fjj 1 = 4.0 MeV [57], one can write down the approxi- 
mate relations in the three cases that we are considering, 
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6 In this case, one should consider the pair production of dark 
matter particles through virtual Higgs boson exchange, pp 
H*X — >\\X. The rates are expected to be rather small 8, 30 . 
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FIG. 2: Bounds on the spin-independent direct detection cross 
section in Higgs portal models derived for Mh = 125 GeV 
and the invisible branching fraction of 40 % (colored lines). The 
curves take into account the full M x dependence, without using the 
approximation in Eq. ^] For comparison, we plot the current and 
future direct bounds from the XENON experiment (black lines). 

Conclusions 

We have shown that monojet searches at the LHC al- 
ready provide interesting limits on invisible Higgs decays, 
constraining the invisible rate to be less than the total SM 
Higgs production rate at the 90% CL. This constrains the 
invisible branching fraction in models where the Higgs 
production cross section is enhanced, for example by the 
presence of additional heavy chiral quarks. Monojets 
searches are sensitive mostly to the gluon-gluon fusion 
production mode and, thus, they can also probe invisible 
Higgs decays in models where the Higgs coupling to the 
electroweak gauge bosons is suppressed. The limits could 
be significantly improved when more data at higher cen- 
ter of mass energies are collected, provided systematic er- 
rors on the Standard Model contribution to the monojet 
background can be reduced. We expect that the monojet 
data which will be collected in the ongoing 8 TeV LHC 



run will place non-trivial constraints on the Higgs invisi- 
ble branching fraction, even if the Higgs production rate 
is SM-like. 

We also analyzed in a model-independent way the in- 
terplay between the invisible Higgs branching fraction 
and the dark matter scattering cross section on nucle- 
ons, in the context of effective Higgs portal models. The 
limit BR inv < 0.4, suggested by the combination of Higgs 
data in the visible channels, implies a limit on the direct 
detection cross section that is stronger than the current 
bounds from XENON100, for scalar, fermionic, and vec- 
torial dark matter alike. Hence, in the context of Higgs- 
portal models, the LHC is currently the most sensitive 
dark matter detection apparatus. 
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